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Regular exercise is recommended to improve the cardiovascular risk profile. However,
there is growing evidence that extreme volumes and intensity of long-term exertion may
increase the risk of acute cardiac events. The aim of this study is to investigate the after-
effects of regular, strenuous physical training on the cardiovascular neural regulation in a
group of amateur triathletes compared to age-matched sedentary controls. We enrolled 11
non-elite triathletes (4 women, age 24±4 years), who had refrained from exercise for 72
hours, and 11 age-matched healthy non-athletes (3 women, age 25±2 years). Comprehen-
sive echocardiographic and cardiopulmonary exercise tests were performed at baseline.
Electrocardiogram, non-invasive blood pressure, respiratory activity, and muscle sympa-
thetic nerve activity (MSNA) were continuously recorded in a supine position (REST) and
during an incremental 15˚ step-wise head-up tilt test up to 75˚ (TILT). Blood samples were
collected for determination of stress mediators. Autoregressive spectral analysis provided
the indices of the cardiac sympathetic (LFRR) and vagal (HFRR) activity, the vascular sympa-
thetic control (LFSAP), and the cardiac sympatho-vagal modulation (LF/HF). Compared to
controls, triathletes were characterized by greater LFRR, LF/HF ratio, LFSAP, MSNA, and
lower HFRR at REST and during TILT, i.e. greater overall cardiovascular sympathetic modu-
lation together with lower cardiac vagal activity. Cortisol and adrenocorticotropic hormone
concentrations were also higher in triathletes. In conclusion, triathletes were characterized
by signs of sustained cardiovascular sympathetic overactivity. This might represent a risk
factor for future cardiovascular events, given the known association between chronic exces-
sive sympathetic activity and increased cardiovascular risk.
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Introduction
Regular physical activity is a positive determinant of longevity and is associated with an
improved cardiovascular risk [1]. However, prescription of exercise may be complex. The Par-
acelsus concept of dose-related toxic effects of drugs has been recently extended to sports [2,
3], advocating the need to establish the ‘dose’ of exercise that might be even harmful, rather
than protective. Vigorous exertion may in-turn transiently increase the risk of acute cardiac
events in elite and non-elite athletes [2–6], of atrial fibrillation for endurance sports’ practi-
tioners [7], as well as of transient cardiovascular modifications and permanent remodeling in
ultra-marathon [8], marathon [9], and half-marathon [10] runners. The level of exercise to be
recommended at different ages, in the presence of cardiovascular risk, and/or diagnosed car-
diovascular disease is also under discussion [1, 11]. Exercise intensity may play a critical role as
a potential noxious factor not only during races, but also during training sessions. In this per-
spective, the understanding of exercise-induced modifications in the neural mechanisms con-
trolling the cardiovascular system might play an important role in tailoring the exercise dose
for each individual. A shift towards a predominance of sympathetic modulation to the heart
and vessels has been reported in endurance exercise [10, 12–14]. On the other hand, these
modifications together with a decreased cardiac baroreflex sensitivity are independent risk fac-
tors for increased cardiac mortality after a myocardial infarction [15, 16]. It is therefore critical
to assess whether or not athletes may exhibit a habitual exceeding cardiovascular sympathetic
tone resulting from bouts of strenuous exercise that might theoretically increase their overall
cardiovascular risk profile.
The aim of the present study was to test this hypothesis comparing a group of adult non-elite
triathletes, far away from the last bout of physical exercise, to healthy age-matched sedentary con-
trols. Triathlon is an increasingly popular and practiced outdoor endurance sport. Participants
must complete three different and consecutive tasks, i.e. swimming, cycling and running. This is
accomplished by intense training sessions 5 to 6 days per week with a short recovery time possibly
inducing a sustained neural sympathetic overactivity. We investigated the changes in the cardio-
vascular autonomic profile by means of the analysis of i) heart rate (HR) and systolic arterial pres-
sure (SAP) variability, ii) muscle sympathetic nerve activity (MSNA), iii) circulating levels of
stress mediators, i.e. neurotransmitters, peptides, and steroid hormones, in supine resting condi-
tions and during passive orthostatism. Analyses of MSNA, and HR and SAP variability have been
demonstrated capable of detecting the complex adaptive sympathovagal balance adjustments to
various challenges induced by exercise and recovery in athletes [12, 13].
Methods
The study enrolled 11 amateur triathletes and 11 age-matched healthy non-athletes. All sub-
jects were healthy volunteers without any family history of cardiovascular disease or sudden
death. None of them was taking any prescribed medication, nor reported the use of doping
substances using an anonymous questionnaire. All subjects were carefully interviewed to
exclude the presence of signs of overreaching (OR) or overtraining (OT) [17].
All participants underwent a comprehensive echocardiographic examination performed in
accordance with the American Society of Echocardiography recommendations [18] to exclude
any structural heart disease, and a cardiopulmonary exercise test (CPET) in accordance with
the American Heart Association Guide [19] to evaluate their physical conditioning. The proto-
col was conducted during the competitive race season to ensure a high fitness level. The triath-
letes had been competing for at least 2 years in triathlon and were training five to six times per
week. They were studied 72 hours far away from the last bout of physical exercise to avoid the
short-term autonomic and cardiovascular confounding after-effects induced by recent training
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sessions [13]. In addition, none of them had participated to a competition for at least 2 weeks.
Control subjects were sedentary individuals who did not perform any regular physical activity.
The study conformed to the standards set by the declaration of Helsinki and ethical approval
was obtained from Sacco Hospital Ethics Committee. All subjects provided written, informed
consent.
Experimental protocol
All subjects were tested in a quiet room in the morning. A light, caffeine-free, breakfast was
consumed at least 2 hours before the test, after a good night’s sleep.
Electrocardiogram (ECG) and non-invasive blood pressure (BP) (Finapres, Finapres Medi-
cal System) signals were continuously recorded. The subject’s arm was fixed to the thorax to
maintain the hand at the level of the heart during the upright position. Intermittent brachial
BP was measured with a manual sphygmomanometer on the contralateral arm. Respiratory
activity was concomitantly evaluated by a thoracic bellow connected to a pressure transducer.
MSNA was recorded from the peroneal nerve of the right leg, as detailed elsewhere [20]. The
raw nerve signal was band-pass filtered (700–2000 Hz), amplified (100 × 999.9), rectified, and
integrated (time constant of 0.1 s) to obtain mean voltage MSNA using a nerve traffic analysis
system (Nerve Traffic Analyzer; University of Iowa Bioengineering, Iowa City, IA).
ECG, BP, respiratory activity, and integrated MSNA signals were digitized at 300 samples/s
by an analog-to-digital board (AT-MIO 16E2, National Instrument) and stored on the hard
disk of a personal computer for off-line analysis. Thirty minutes after instrumentation, supine
data acquisition during spontaneous breathing was initiated and lasted for 10 minutes (REST).
At the end of REST, a blood sample was withdrawn. Thereafter, an incremental 15˚ step-wise
head-up tilt test up to 75˚ (TILT) was maintained for 15 minutes. At the end of TILT, a second
blood sample was withdrawn.
Data analysis
ECG, BP, respiration signals were analyzed off line. Heart period was approximated as the
time distance between two consecutive R-wave peaks (RR). SAP was taken as the maximum
value of the BP signal inside the considered RR. Respiration was sampled in correspondence of
each R-wave peak. All measurements were carried out on a beat-to-beat basis. The mean and
the total power (i.e. variance) of RR series, μRR and σ2RR (expressed in ms and ms2, respec-
tively), and of SAP series, μSAP and σ2SAP (expressed in mmHg and mmHg2, respectively) were
calculated. Parametric power spectral analysis was performed utilizing 250 consecutive station-
ary RR, SAP and respiratory measures [21], both at REST and during a 75˚ head-up TILT.
According to the value of the central frequency, each spectral component was labeled as low
frequency (LF band, from 0.04 to 0.15 Hz) or high frequency component (HF band, from 0.15
to 0.5 Hz) [22]. The absolute power of RR and SAP series in the LF band (LFRR and LFSAP,
respectively) and of RR series in the HF band (HFRR) were calculated as the sum of powers of
RR and SAP series components, whose central frequency dropped in LF or HF band, respec-
tively. LFRR and HFRR were expressed in ms
2, while LFSAP in mmHg
2. Normalization of RR
series power in LF and HF band, i.e. LFRRnu and HFRRnu, was obtained by dividing the LFRR
and HFRR by total variance diminished by the power of the very low frequency band (i.e.
below 0.04 Hz) and then multiplying the result by 100 [22]. LFRRnu was utilized as an index of
the cardiac sympathetic control, while HFRR and HFRRnu as markers of the cardiac vagal con-
trol [23]. LFSAP was taken as an index of the sympathetic modulation directed to the vessels
[21]. The LFRR/HFRR ratio (LF/HF) quantified the sympatho-vagal interaction to the sinoatrial
node [21–23].
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From the MSNA signal, each sympathetic burst was automatically detected when it over-
came a threshold updated on a beat-to-beat basis in order to follow both baseline oscillations
and changes of MSNA burst amplitude [24]. To account for the conduction time, the burst
was searched in a temporal window ranging from 900 to 1,700 ms after the R-wave peak. Burst
onset and offset were detected as the points where the first derivative crossed zero. We com-
puted three different indices from the MSNA signal: i) bursts/min, which represents the num-
bers of bursts per minute; ii) burst/100, i.e. the number of the bursts counted in a period of 100
cardiac beats; iii) burst/HR, i.e. the number of bursts adjusted by HR.
Blood samples were collected, refrigerated, and transported appropriately for plasma epi-
nephrine (E), norepinephrine (NE), renin, atrial natriuretic peptides (ANP), adrenocorticotro-
pic hormone (ACTH), serum aldosterone and cortisol. Given the known complexity and
multiplicity of the response to stress [25], the choice of these biomarkers was made with the
purpose of probing whether stress was present in the triathletes. The samples were centrifuged
at 3000 rpm for 10 min, at 4˚C. The plasma top layer was placed into Eppendorf tubes (Olden-
burg, Germany) and snapped frozen and stored at −80˚C until analysis. High-performance liq-
uid chromatography with electrochemical detection (Bio-Rad Laboratories, Mu¨nchen,
Germany) was used to assess plasma E and NE. DSL 25100 Active Renin immunoradiometric
assay (IRMA) was used for determination of plasma renin (Beckman Coulter, UK). Plasma
ANP was measured by a specific Radioimmunoassay (RIA) (Nichols Institute Diagnostic, Cali-
fornia, USA). An electrical Chemiluminescent Immunoassay “ECLIA” was used to assess
plasma ACTH as well as serum cortisol (Cobas, Roche Diagnostics GmbH, Mannheim, Ger-
many). A radioimmunological assay was utilized for the quantitative determination of serum
aldosterone (KS17CT-100, RADIM Spa, Pomezia, Italy).
Statistical analysis
Data are expressed as mean ± standard deviation (SD). The two-tailed unpaired Student’s t
test was used to compare the demographic and clinical variables of the two groups. χ2 test was
used to compare the categorical variables. Two-way repeated-measures analysis of variance
with Holm-Sidak test for multiple comparison, two-factor repetition was used to evaluate the
differences between the two groups during REST and TILT. Differences were considered sig-
nificant at values of p<0.05. All analyses were carried out on SPSS (Statistical Package for
Social Sciences, Chicago, Ill), version 17.0.
Results
Demographic characteristics of the two groups were similar (Table 1). Athletes’ training time
was 27.3±4.2 hours weekly. Their performance level over the Olympic distance triathlon (i.e.
1.5 km swimming, 40 km cycling, and 10 km running) ranged between 158 and 183 minutes
for men, and between 179 and 208 minutes for women. None of the triathletes showed clinical
signs of OR or OT [17]. Indeed, none of them reported a drop of their performance, nor the
Table 1. Demographic features of controls and triathletes.
Controls Triathletes p
Gender (m/f) 8/3 7/4 0.99
Age (years) 25±2 24±4 0.333
BMI (kg/m2) 17.6±8.6 19.6±6.5 0.6
BSA (m2) 1.84±0.2 1.86±0.19 0.8
BMI indicates body mass index, BSA body surface area. Values are expressed as mean±standard deviation.
https://doi.org/10.1371/journal.pone.0216567.t001
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presence of fatigue, exhaustion, reduced training volume, modification of the post-training
recovery, or other stress symptoms. Echocardiographic and CPET findings are shown in
Table 2. Compared to controls, triathletes were characterized by greater left atrial (LA) diame-
ter, left ventricular (LV) end-diastolic and end-systolic volumes, as well as thicker interventric-
ular septum and posterior wall. Although larger than controls, the athletes’ LA and LV
dimensions were still within normal limits [18]. LV ejection fraction (EF) was alike normal in
both groups, as well as right ventricular indices and inferior vena cava dimensions and collaps-
ibility. As expected, the maximal oxygen consumption at peak of the CPET was higher in the
triathletes, consistent with a high level of physical conditioning [19].
All the subjects enrolled in the study well tolerated and completed the protocol.
The spectral indices of RR and SAP variability obtained in controls and triathletes during
REST and TILT are shown in Table 3. At REST, athletes were characterized by higher values of
Table 2. Echocardiographic and CPET features of controls and triathletes.
Controls Triathletes p
LAD (mm) 31.4±2.1 35±1.4 0.001
IVS (mm) 8±1.2 11±1.2 0.005
PW (mm) 8.2±0.9 10±0.5 0.001
LVEDV (ml/m2) 60±6 68.4±7.5 0.001
LVESV (ml/m2) 33.8±4.1 36.7±2.8 0.004
LVEF (%) 58±0.5 57±2.4 0.3
RVEDA (cm2) 17.2±2.6 17.5±2.2 0.7
RVESA (cm2) 8.7±1.4 8.5±1.8 0.7
Peak VO2 (ml/kg/min) 39.5±5.0 53.2±3.8 0.003
LAD indicates left atrial diameter, IVS diastolic interventricular septum thickness, PW diastolic posterior wall
thickness, LVEDV left ventricular end-diastolic volume, LVESV left ventricular end-systolic volume, LVEF left
ventricular ejection fraction., RVEDA right ventricular end-diastolic area, RVESA right ventricular end-systolic area.
CPET cardiopulmonary exercise test, VO2 maximal oxygen consumption at peak of the CPET. Values are expressed
as mean standard deviation. p<0.05 was considered as significant.
https://doi.org/10.1371/journal.pone.0216567.t002
Table 3. Indices of cardiovascular autonomic control in controls and triathletes at rest and during 75˚ head-up tilt.
REST TILT
Controls Triathletes Controls Triathletes
RR, ms 935±108 1065±68 # 652±68 � 801±157 �#
σ2RR, ms2 2593±1368 6371±4790 # 1580±1336 4665±5470 #
LFRR, ms
2 890±557 2575±2098 # 929±754 2059±2023
LFRRnu 45±11 58±7 # 76±5 � 87±7 �#
HFRR, ms
2 873±674 1709±1258 259±278 401±575 �
HFRRnu 44±8 33±8 # 19±6 � 11±6 �#
LF/HF 1.08±0.38 1.84±0.49 # 4±1 � 10±5 �#
SAP, mmHg 120±11 115±11 119±9 119±16
σ2SAP, mmHg2 6±5 12±7 19±14 � 18±8
LFSAP, mmHg
2 2±1 4±3 # 4±3 � 10±5 �
REST indicates resting condition, TILT 75˚ head-up tilt, RR R-R interval, σ2RR variance of RR interval, LF low frequency component, HF high frequency component, nu
normalized unit, LF/HF low frequency/high frequency ratio, SAP systolic arterial pressure, σ2SAP variance of SAP. Values are expressed as mean ± standard deviation.
� p<0.5 REST vs TILT
# p<0.05 controls vs triathletes.
https://doi.org/10.1371/journal.pone.0216567.t003
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RR, σ2RR, LFRR and LFRRnu, LF/HF, LFSAP, and lower values of HFRRnu compared to controls.
Both groups showed a physiological response to the orthostatic challenge. However, during
TILT, triathletes showed greater sympathetic activation and cardiac vagal reduction compared
to controls. Indeed, during orthostasis, LFRRnu, LF/HF were greater and HFRRnu lower than in
controls. Also in TILT, RR was higher in triathletes. The difference of all indices between
REST and TILT was however similar in the two groups.
Fig 1 shows representative examples of ECG, BP and MSNA recordings at REST and during
TILT in a control and an athlete. The sympathetic discharge activity to the vessels assessed by
MSNA burst number did increase in response to the orthostatic challenge compared to REST
in both individuals. However, MSNA burst number was greater in the triathlete compared to
the control subject, both at REST and during TILT. In contrast, the increase of HR during tilt
was lower in the athlete. Fig 2 shows the MSNA results in the two groups, also addressing the
potential confounding role of the different values of HR, given the strict link with MSNA burst
occurrence [26]. Sympathetic vasomotor control was assessed by the individual values of
MSNA quantified as burst rate, but also by HR-independent sympathetic activity indices, i.e.
the burst/100 beats value and the burst/HR value. MSNA remained greater in athletes than in
controls also when corrected for HR.
Fig 1. Original traces of the recorded variables in a control subject and in an athlete while supine (REST) and
during head-up tilt test at 75˚ (TILT). Recording of 30 seconds of continuous electrocardiogram (ECG), non-
invasive blood pressure (BP), and muscle sympathetic nerve activity (MSNA): despite a slower heart rate, MSNA
depicts a greater sympathetic activity in the triathlete.
https://doi.org/10.1371/journal.pone.0216567.g001
Fig 2. Muscle sympathetic nerve activity while supine (REST) and during head-up tilt test at 75˚ (TILT). Triathletes (white bars) are characterized by
greater sympathetic discharge activity compared to controls (black bars), also regardless of heart rate. � p<0.05 REST vs TILT; # p< 0.05 controls vs triathletes.
https://doi.org/10.1371/journal.pone.0216567.g002
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Finally, the stress mediators’ values at REST and during TILT are summarized in Table 4.
At REST, E, NE, renin, aldosterone, and ANP levels were similar in the two groups. Compared
to REST, E and NE physiologically increased at the end of the TILT in both groups. Otherwise,
ACTH and cortisol were higher in triathletes than in controls, both during clinostatism and
passive orthostatism. Cortisolemia further increased from REST to TILT only in the athletes.
Discussion
The amateur triathletes of the present study were characterized by greater overall cardiovascu-
lar sympathetic modulation together with lower cardiac vagal activity, both at REST and dur-
ing TILT, as suggested by greater LFRRnu, LF/HF ratio, LFSAP, higher burst rate of the MSNA,
and lower HFRR compared to controls. Accordingly, ACTH and cortisol were higher in the tri-
athletes. Of notice, these changes were observed 72 hours after the last bout of physical exer-
cise, and in absence of clinical OR/OT. Finally, we observed larger, although still within
normal limits, left heart dimensions in the triathletes.
Previous studies have demonstrated that exercise training leads to an array of possible car-
diovascular autonomic adjustments. Indices of elevated sympathetic modulation after the end
of a marathon competition have been correlated to a faster arrival time [14, 27], suggesting
that a transient cardiovascular sympathetic activation associated with acute intense physical
activity might determine a better performance. On the other hand, regular training at interme-
diate load leads to chronic bradycardia and vagal predominance [28].
In the current study, triathletes were characterized by an enhanced MSNA both at REST
and during TILT (Figs 1 and 2), together with higher LFSAP suggestive of a sustained increased
sympathetic activity to the vessels compared to controls (Table 3). This finding is further sup-
ported by the observation of higher levels of measured stress mediators (Table 4). Further-
more, the greater LFRR and LF/HF ratio, and lower HFRR are suggestive of enhanced
sympathetic and decreased vagal modulation to the sinoatrial node (Table 3), although the
physiological response to the orthostatic challenge is well preserved, not different from con-
trols. Notably, the heavy dynamic exercise that characterizes triathlon daily training sessions
may produce a cardiovascular sympathetic excitation, which outlasts the end of exercise, as
already reported in other sports [10, 13]. Therefore, a resting bradycardia, associated as
expected with long-term physical training, seemed to coexist with the enhanced cardiovascular
sympathetic excitation as an after-effect of the intense dynamic exercise regularly performed.
Table 4. Stress mediators in controls and triathletes while supine and during head-up tilt test at 75˚.
REST TILT
Controls Triathletes Controls Triathletes
E, pg/ml 40±23 45±27 103±67� 95±46�
NE, pg/ml 293±129 353±159 625±107� 617±175�
Renin, pg/ml 9±7 10±7 8±5 9±4
Aldosterone, pg/ml 105±53 144±101 72±43 127±71
ACTH, pg/ml 15±4 73±41# 18±7 56±43#
Cortisol, ng/ml 91±42 156±92 # 86±32 180±86�#
ANP, pg/ml 69±36 72±44 94±30 95±62
REST indicates resting condition, TILT 75˚ head-up tilt, E plasma epinephrine, NE plasma norepinephrine, ACTH plasma adrenocorticotropic hormone, ANP plasma
atrial natriuretic peptide.
� p<0.5 REST vs TILT
# p<0.05 controls vs triathletes.
https://doi.org/10.1371/journal.pone.0216567.t004
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The latter may result in a persistent predominance of LFRRnu and higher LF/HF ratio. In addi-
tion, these apparently inconsistent findings suggest that the neural control of a cardiovascular
parameter, such as the RR interval, may differ from the autonomic control of its spontaneous
variability [29].
In triathlon, the successful athlete must have highly developed oxygen transport and utiliza-
tion systems [30]. This is accomplished by intense (2–3 hours per session) and regular (5–6
days/week) training sessions that are likely to induce a chronic sustained sympathetic activa-
tion. A greater sympathetic modulation to the heart and vessels was also observed in triathletes
compared to controls during TILT, a stimulus known to enhance the overall cardiovascular
sympathetic control [20, 22, 23]. This highlights the triathletes’ ability to enhance the cardio-
vascular sympathetic drive to the greatest levels, a condition that may favor the achievement of
the best athletic performance during competitions [14, 27]. However, it must be pointed out
that an exceeding sympathetic activity, when sustained, has been associated with an increased
risk for cardiovascular events [13, 22, 31]. Therefore, in the amateur triathletes of the present
study, the finding of greater indices of cardiovascular sympathetic activation, and lower
HFRRnu, indicating a reduced vagal activity to the heart, even 72 hours after the last training
session, raises the possibility of the presence of an unfavorable autonomic profile, potentially
acting as a cardiovascular risk factor over time. This hypothesis is further corroborated by the
concomitant greater plasma concentrations of ACTH and cortisol. In response to stress, the
activation of the hypothalamic-pituitary-adrenal axis results in ACTH and cortisol secretion
[32]. However, excessive and chronic hypercortisolemia is known to be associated with a num-
ber of untoward effects, such as an enhanced oxidative-stress and hyperlipidemia [33],
impaired vascular functioning and increased platelet aggregation [34] in rats, hypertension
[35] and enhanced fasting glucose levels [36] in humans. These mechanisms are thought to
explain the association between stress and increased prevalence of cardiovascular disease [37].
Two recent prospective studies showed that elevated levels of cortisol predict cardiovascular
death amongst elderly people with [38] and without pre-existing cardiovascular disease [39].
With regard to the larger, although still normal left heart dimensions found in these young
athletes compared to controls, we might ascribe it to either the presence of the sustained high
sympathetic stimulation to the heart and vessels [9, 10], or the direct hemodynamic effects
induced by a regular training [40, 41], or both. However, their right chambers’ sizes, LV sys-
tolic function, and ANP levels did not differ from controls, unlike previous works that demon-
strated both left and right chamber abnormalities, the presence of inflammation, fibrosis,
cavity dilation, diastolic dysfunction and eccentric hypertrophy due to long-term repetitive
and vigorous exercise sessions [9, 40, 42]. The young age of the participants in the present
study might justify this discrepancy. Remarkably, the overall changes might ultimately lead to
‘adverse cardiac remodeling’ and promote arrhythmias in predisposing settings, such as ische-
mic heart disease or latent cardiomyopathies.
In the current study, we focused on triathlon, a sport that is gaining increasing popularity
for practice at any age. Although in a numerically limited population, we found that triathletes
are characterized by signs of chronic cardiovascular sympathetic overactivity, identified by
spectral analysis of cardiovascular oscillations, muscle sympathetic nerve activity, and stress
biomarkers. We hypothesize that the intense and regular training sessions are likely to induce
a chronic sympathetic activation. Although such an enhanced cardiovascular sympathetic
drive could have a finalistic aim, i.e. the achievement of the best athletic performance, it is
compelling to consider that the induced cardiovascular sympatho-vagal modifications might
also represent a potential risk factor for future cardiovascular events, such as atrial fibrillation
[7], coronary artery disease [3, 43], myocardial fibrosis [3, 9] and sudden death [3–5, 11].
Indeed, a sustained sympathetic overactivity has been described in a number of pathological
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conditions, such as hypertension, ischemic cardiomyopathy, heart failure, diabetes mellitus,
and linked to exceeding mortality and morbidity [12, 22, 44, 45].
It is worth to underline that a chronic sympathetic predominance could also be the prelude
of an impending OT [46]. The triathletes tend to force up to their own perceived limit of
endurance, both during training and races. The evaluation of their autonomic profile might
represent a tool to unmask OR or OT, thus avoiding unfavorable effects.
Although only ad hoc perspective and large observational studies can address the causal
relationship between exercise-induced chronic sympathetic overactivity and possible increased
mortality or morbidity, the findings of the present study may carry important clinical implica-
tions highlighting the potential risk of a persistent high cardiovascular sympathetic drive
induced by exercise volumes beyond the “optimal dose”, that is a current, widely debated topic
[2, 3].
Supporting information
S1 File. Original data set. Original data set of the enrolled population (11 amateur triathletes
and 11 age-matched healthy controls).
(XLSX)
Acknowledgments
We thank all the subjects who have participated in the study.
Author Contributions
Conceptualization: Laura Adelaide Dalla Vecchia, Raffaello Furlan.
Data curation: Beatrice De Maria.
Formal analysis: Antonio Roberto Zamuner, Alberto Porta.
Investigation: Franca Barbic, Roberto Gatti, Franca Dipaola, Enrico Brunetta, Antonio
Roberto Zamuner, Raffaello Furlan.
Methodology: Beatrice De Maria, Antonio Roberto Zamuner, Raffaello Furlan.
Project administration: Laura Adelaide Dalla Vecchia, Franca Barbic.
Software: Beatrice De Maria, Alberto Porta.
Supervision: Laura Adelaide Dalla Vecchia, Franca Barbic, Raffaello Furlan.
Writing – original draft: Laura Adelaide Dalla Vecchia, Raffaello Furlan.
Writing – review & editing: Laura Adelaide Dalla Vecchia, Franca Barbic, Beatrice De Maria,
Domenico Cozzolino, Roberto Gatti, Franca Dipaola, Enrico Brunetta, Antonio Roberto
Zamuner, Alberto Porta, Raffaello Furlan.
References
1. Thompson PD, Buchner D, Pina IL, Balady GJ, Williams MA, Marcus BH, et al., American Heart Associ-
ation Council on Clinical Cardiology Subcommittee on Exercise, Rehabilitation, and Prevention, Ameri-
can Heart Association Council on Nutrition, Physical Activity, and Metabolism Subcommittee on
Physical Activity. Exercise and physical activity in the prevention and treatment of atherosclerotic car-
diovascular disease: a statement from the Council on Clinical Cardiology (Subcommittee on Exercise,
Rehabilitation, and Prevention) and the Council on Nutrition, Physical Activity, and Metabolism (Sub-
committee on Physical Activity). Circulation. 2003; 107:3109–3116. https://doi.org/10.1161/01.CIR.
0000075572.40158.77 PMID: 12821592
Cardiovascular neural regulation in amateur triathletes
PLOS ONE | https://doi.org/10.1371/journal.pone.0216567 May 7, 2019 9 / 12
2. Schmied C. ’Paracelcus’ rediscovered: searching for the right dose of physical training. Open Heart.
2014; 1(1):e000027 https://doi.org/10.1136/openhrt-2013-000027 PMID: 25332788
3. Eijsvogels TMH, Thompson PD, Franklin BA. The "Extreme Exercise Hypothesis": Recent Findings and
Cardiovascular Health Implications. Curr Treat Options Cardiovasc Med. 2018; 20(10):84. https://doi.
org/10.1007/s11936-018-0674-3 PMID: 30155804
4. Albert CM, Mittleman MA, Chae CU, Lee IM, Hennekens CH, Manson JE. Triggering of sudden death
from cardiac causes by vigorous exertion. N Engl J Med. 2000; 343:1355–1361. https://doi.org/10.
1056/NEJM200011093431902 PMID: 11070099
5. Kim JH, Malhotra R, Chiampas G, d’Hemecourt P, Troyanos C, Cianca J, et al., Race Associated Car-
diac Arrest Event Registry (RACER) Study Group. Cardiac arrest during long-distance running races. N
Engl J Med 2012; 366:130–140. https://doi.org/10.1056/NEJMoa1106468 PMID: 22236223
6. Lear SA, Hu W, Rangarajan S, Gasevic D, Leong D, Iqbal R, et al. The effect of physical activity on mor-
tality and cardiovascular disease in 130 000 people from 17 high-income, middle-income, and low-
income countries: the PURE study. Lancet. 2017; 390(10113):2643–2654. Erratum in: Lancet. 2017
Dec 16;390(10113):2626. https://doi.org/10.1016/S0140-6736(17)31634-3 PMID: 28943267
7. Goodman JM, Banks L, Connelly KA, Yan A, Backx PH, Dorian P. Excessive Exercise in Endurance
Athletes: Is Atrial Fibrillation a Possible Consequence? Appl Physiol Nutr Metab. 2018; 43(9):973–976.
https://doi.org/10.1139/apnm-2017-0764 PMID: 29842800
8. Scott JM, Esch BT, Shave R, Warburton DE, Gaze D, George K. Cardiovascular consequences of com-
pleting a 160-km ultramarathon. Med Sci Sports Exerc. 2009;. 41:26–34. https://doi.org/10.1249/MSS.
0b013e31818313ff PMID: 19092706
9. Neilan TG, Yoerger DM, Douglas PS, Marshall JE, Halpern EF, Lawlor D, et al. Persistent and revers-
ible cardiac dysfunction among amateur marathon runners. Eur Heart J. 2006; 27:1079–1084. https://
doi.org/10.1093/eurheartj/ehi813 PMID: 16554314
10. Dalla Vecchia L, Traversi E, Porta A, Lucini D, Pagani M. On site assessment of cardiac function and
neural regulation in amateur half marathon runners. Open Heart. 2014; 1(1):e000005 https://doi.org/
10.1136/openhrt-2013-000005 PMID: 25332775
11. Thompson PD, Franklin BA, Balady GJ, Blair SN, Corrado D, Estes NA,3rd, et al., American Heart
Association Council on Nutrition, Physical Activity, and Metabolism, American Heart Association Coun-
cil on Clinical Cardiology, American College of Sports Medicine. Exercise and acute cardiovascular
events placing the risks into perspective: a scientific statement from the American Heart Association
Council on Nutrition, Physical Activity, and Metabolism and the Council on Clinical Cardiology. Circula-
tion. 2007; 115:2358–2368. https://doi.org/10.1161/CIRCULATIONAHA.107.181485 PMID: 17468391
12. Iellamo F, Legramante JM, Pigozzi F, Spataro A, Norbiato G, Lucini D, et al. Conversion from vagal to
sympathetic predominance with strenuous training in high-performance world class athletes. Circula-
tion. 2002; 105:2719–2724. PMID: 12057984
13. Furlan R, Piazza S, Dell’Orto S, Gentile E, Cerutti S, Pagani M, et al. Early and late effects of exercise
and athletic training on neural mechanisms controlling heart rate. Cardiovasc Res. 1993; 27:482–488.
PMID: 8490949
14. Manzi V, Castagna C, Padua E, Lombardo M, D’Ottavio S, Massaro M, et al. Dose-response relation-
ship of autonomic nervous system responses to individualized training impulse in marathon runners.
Am J Physiol Heart Circ Physiol. 2009; 296:H1733–1740. https://doi.org/10.1152/ajpheart.00054.2009
PMID: 19329770
15. De Ferrari GM, Sanzo A, Bertoletti A, Specchia G, Vanoli E, Schwartz PJ. Baroreflex sensitivity predicts
long-term cardiovascular mortality after myocardial infarction even in patients with preserved left ven-
tricular function. J Am Coll Cardiol. 2007; 50:2285–2290. https://doi.org/10.1016/j.jacc.2007.08.043
PMID: 18068036
16. La Rovere MT, Pinna GD, Hohnloser SH, Marcus FI, Mortara A, Nohara R, et al., ATRAMI Investiga-
tors. Autonomic Tone and Reflexes After Myocardial Infarcton. Baroreflex sensitivity and heart rate vari-
ability in the identification of patients at risk for life-threatening arrhythmias: implications for clinical
trials. Circulation. 2001; 103:2072–2077. PMID: 11319197
17. Meeusen R, Duclos M, Foster C, Fry A, Gleeson M, Nieman D, et al., European College of Sport Sci-
ence, American College of Sports Medicine. Prevention, diagnosis, and treatment of the overtraining
syndrome: joint consensus statement of the European College of Sport Science and the American Col-
lege of Sports Medicine. Med Sci Sports Exerc. 2013; 45:186–205. https://doi.org/10.1249/MSS.
0b013e318279a10a PMID: 23247672
18. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA, et al., Chamber Quantifica-
tion Writing Group, American Society of Echocardiography’s Guidelines and Standards Committee,
European Association of Echocardiography. Recommendations for chamber quantification: a report
from the American Society of Echocardiography’s Guidelines and Standards Committee and the
Cardiovascular neural regulation in amateur triathletes
PLOS ONE | https://doi.org/10.1371/journal.pone.0216567 May 7, 2019 10 / 12
Chamber Quantification Writing Group, developed in conjunction with the European Association of
Echocardiography, a branch of the European Society of Cardiology. J Am Soc Echocardiogr. 2005;
18:1440–1463. https://doi.org/10.1016/j.echo.2005.10.005 PMID: 16376782
19. Balady GJ, Arena R, Sietsema K, Myers J, Coke L, Fletcher GF, et al., American Heart Association
Exercise, Cardiac Rehabilitation, and Prevention Committee of the Council on Clinical Cardiology,
Council on Epidemiology and Prevention, Council on Peripheral Vascular Disease, Interdisciplinary
Council on Quality of Care and Outcomes Research. Clinician’s Guide to cardiopulmonary exercise
testing in adults: a scientific statement from the American Heart Association. Circulation. 2010;
122:191–225. https://doi.org/10.1161/CIR.0b013e3181e52e69 PMID: 20585013
20. Furlan R, Porta A, Costa F, Tank J, Baker L, Schiavi R, et al. Oscillatory patterns in sympathetic neural
discharge and cardiovascular variables during orthostatic stimulus. Circulation. 2000; 101:886–892.
PMID: 10694528
21. Pagani M, Lombardi F, Guzzetti S, Rimoldi O, Furlan R, Pizzinelli P, et al. Power spectral analysis of
heart rate and arterial pressure variabilities as a marker of sympatho-vagal interaction in man and con-
scious dog. Circ Res. 1986; 59:178–193. PMID: 2874900
22. Task Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology. Heart rate variability. Standards of measurement, physiological interpretation, and
clinical use. Eur. Heart J. 1996; 17:354–381. PMID: 8737210
23. Malliani A, Pagani M, Lombardi F, Cerutti S. Cardiovascular neural regulation explored in the frequency
domain. Circulation. 1991; 84:482–492. PMID: 1860193
24. Diedrich A, Porta A, Barbic F, Brychta RJ, Bonizzi P, Diedrich L, et al. Lateralization of expression of
neural sympathetic activity to the vessels and effects of carotid baroreceptor stimulation. Am J Physiol
Heart Circ Physiol. 2009; 296:H1758–65. https://doi.org/10.1152/ajpheart.01045.2008 PMID:
19363133
25. Joels M, Baram TZ. The neuro-symphony of stress. Nat Rev Neurosci. 2009; 10:459–466. https://doi.
org/10.1038/nrn2632 PMID: 19339973
26. Pagani M, Montano N, Porta A, Malliani A, Abboud FM, Birkett C, et al. Relationship between spectral
components of cardiovascular variabilities and direct measures of muscle sympathetic nerve activity in
humans. Circulation. 1997; 95:1441–1448. PMID: 9118511
27. Pagani M, Lucini D. Can autonomic monitoring predict results in distance runners? Am J Physiol Heart
Circ Physiol. 2009; 296:H1721–2. https://doi.org/10.1152/ajpheart.00337.2009 PMID: 19376808
28. Pardo Y, Merz CN, Velasquez I, Paul-Labrador M, Agarwala A, Peter CT. Exercise conditioning and
heart rate variability: evidence of a threshold effect. Clin Cardiol. 2000; 23:615–620. PMID: 10941549
29. Furlan R, Barbic F. Assessment of the autonomic control of the cardiovascular system by a frequency
domain approach. In: Robertson D, Biaggioni I, Burnstock G, Low P, and J.F.R., Paton Primer on the
Autonomic Nervous System. Academic Press Elsevier; 2012. p405–408.
30. O’Toole ML, Douglas PS, Hiller WD. Applied physiology of a triathlon. Sports Med. 1989; 8:201–225.
https://doi.org/10.2165/00007256-198908040-00002 PMID: 2692116
31. Malliani A, Lombardi F, Pagani M, Cerutti S. Power spectral analysis of cardiovascular variability in
patients at risk for sudden cardiac death. J Cardiovasc Electrophysiol. 1994; 5:274–286. PMID:
8193742
32. Huang CJ, Webb HE, Zourdos MC, Acevedo EO. Cardiovascular reactivity, stress, and physical activ-
ity. Front Physiol. 2013; 4:314. https://doi.org/10.3389/fphys.2013.00314 PMID: 24223557
33. Devaki M, Nirupama R, Yajurvedi HN. Chronic stress-induced oxidative damage and hyperlipidemia
are accompanied by atherosclerotic development in rats. Stress. 2013; 16:233–243. https://doi.org/10.
3109/10253890.2012.719052 PMID: 22894170
34. Kumari M, Grahame-Clarke C, Shanks N, Marmot M, Lightman S, Vallance P. Chronic stress acceler-
ates atherosclerosis in the apolipoprotein E deficient mouse. Stress. 2003; 6:297–299. https://doi.org/
10.1080/10253890310001619461 PMID: 14660062
35. Whitworth JA, Kelly JJ, Brown MA, Williamson PM, Lawson JA. Glucocorticoids and hypertension in
man. Clin Exp Hypertens. 1997; 19:871–884. PMID: 9247761
36. Fraser R, Ingram MC, Anderson NH, Morrison C, Davies E, Connell JM. Cortisol effects on body mass,
blood pressure, and cholesterol in the general population. Hypertension. 1999; 33:1364–1368. PMID:
10373217
37. Steptoe A, Kivimaki M. Stress and cardiovascular disease. Nat Rev Cardiol. 2012; 9:360–370. https://
doi.org/10.1038/nrcardio.2012.45 PMID: 22473079
38. Vogelzangs N, Beekman AT, Milaneschi Y, Bandinelli S, Ferrucci L, Penninx BW. Urinary cortisol and
six-year risk of all-cause and cardiovascular mortality. J Clin Endocrinol Metab. 2010; 95:4959–4964.
https://doi.org/10.1210/jc.2010-0192 PMID: 20739384
Cardiovascular neural regulation in amateur triathletes
PLOS ONE | https://doi.org/10.1371/journal.pone.0216567 May 7, 2019 11 / 12
39. Kumari M, Shipley M, Stafford M, Kivimaki M. Association of diurnal patterns in salivary cortisol with all-
cause and cardiovascular mortality: findings from the Whitehall II study. J Clin Endocrinol Metab. 2011;
96:1478–1485. https://doi.org/10.1210/jc.2010-2137 PMID: 21346074
40. Dawson EA, Whyte GP, Black MA, Jones H, Hopkins N, Oxborough D, et al. Changes in vascular and
cardiac function after prolonged strenuous exercise in humans. J Appl Physiol (1985) 2008; 105
(5):1562–1568.
41. Scott JM, Warburton DE. Mechanisms underpinning exercise-induced changes in left ventricular func-
tion. Med Sci Sports Exerc. 2008; 40:1400–1407. https://doi.org/10.1249/MSS.0b013e318172cf10
PMID: 18614953
42. La Gerche A, Burns AT, Mooney DJ, Inder WJ, Taylor AJ, Bogaert J, et al. Exercise-induced right ven-
tricular dysfunction and structural remodelling in endurance athletes. Eur Heart J. 2012; 33:998–1006.
https://doi.org/10.1093/eurheartj/ehr397 PMID: 22160404
43. Mo¨hlenkamp S, Lehmann N, Breuckmann F, Bro¨cker-Preuss M, Nassenstein K, Halle M, et al.; Mara-
thon Study Investigators; Heinz Nixdorf Recall Study Investigators. Running: the risk of coronary
events: Prevalence and prognostic relevance of coronary atherosclerosis in marathon runners. Eur
Heart J. 2008; 29(15):1903–10. https://doi.org/10.1093/eurheartj/ehn163 PMID: 18426850
44. La Rovere MT, Bigger JT Jr, Marcus FI, Mortara A, Schwartz PJ. Baroreflex sensitivity and heart-rate
variability in prediction of total cardiac mortality after myocardial infarction. ATRAMI (Autonomic Tone
and Reflexes After Myocardial Infarction) Investigators. Lancet. 1998; 351:478–484. PMID: 9482439
45. Pinna GD, Porta A, Maestri R, De Maria B, Dalla Vecchia LA, La Rovere MT. Different estimation meth-
ods of spontaneous baroreflex sensitivity have different predictive value in heart failure patients. J
Hypertens. 2017; 35;1666–1675. https://doi.org/10.1097/HJH.0000000000001377 PMID: 28399043
46. Baumert M, Brechtel L, Lock J, Hermsdorf M, Wolff R, Baier V, Voss A. Heart rate variability, blood pres-
sure variability, and baroreflex sensitivity in overtrained athletes. Clin J Sport Med. 2006; 16(5):412–
417. https://doi.org/10.1097/01.jsm.0000244610.34594.07 PMID: 17016118
Cardiovascular neural regulation in amateur triathletes
PLOS ONE | https://doi.org/10.1371/journal.pone.0216567 May 7, 2019 12 / 12
